To investigate the pharmacodynamics, efficacy and safety of empagliflozin as adjunct to insulin in patients with type 1 diabetes. Methods: A total of 75 patients with glycated haemoglobin (HbA1c) concentrations of ≥7.5 to ≤10.5% (≥58 to ≤91 mmol/mol) were randomized to receive once-daily empagliflozin 2.5 mg, empagliflozin 10 mg, empagliflozin 25 mg, or placebo as adjunct to insulin for 28 days. Insulin dose was to be kept as stable as possible for 7 days then adjusted, at the investigator's discretion, to achieve optimum glycaemic control. The primary exploratory endpoint was change from baseline in 24-h urinary glucose excretion (UGE) on day 7.
Introduction
Insulin therapy is an essential part of the management of type 1 diabetes [1] , but is often associated with weight gain and hypoglycaemia [2, 3] . Despite advances in insulin formulation and delivery, patients with type 1 diabetes often fail to reach the target HbA1c of <7% [1, 4] . Inadequate glucose control can lead to acute conditions such as ketoacidosis [5] , and to chronic complications including retinopathy, nephropathy and cardiovascular disease [6] [7] [8] . Compared with the general population, the risk of cardiovascular disease is nearly eight times greater in patients with type 1 diabetes [7] , and the increased risk of mortality from heart disease is even greater [9] .
Empagliflozin is a potent and selective inhibitor of the sodium glucose cotransporter 2 (SGLT2) [10] that inhibits renal glucose reabsorption and thus increases urinary glucose excretion (UGE) in patients with diabetes [11, 12] . In patients with type 2 diabetes, empagliflozin given as monotherapy or as add-on therapy (including as add-on to basal insulin or multiple daily injections of insulin) has consistently been shown to improve glycaemic control and reduce blood pressure and weight, with a low risk of hypoglycaemia [13] [14] [15] [16] [17] [18] .
As the mechanism of action of SGLT2 inhibitors is independent of the action of insulin [19] , these agents have the potential to be used as an adjunct to insulin to improve glycaemic control in patients with type 1 diabetes. In an 8-week single-arm pilot study in patients with type 1 diabetes, empagliflozin as adjunct to insulin led to significant reductions in glycated haemoglobin (HbA1c), fasting glucose, blood pressure, weight and the frequency of symptomatic hypoglycaemic events with plasma glucose <3.0 mmol/l [12] .
The objectives of this trial (EASE-1) were to investigate the pharmacodynamics, efficacy and safety of empagliflozin 2.5, 10 and 25 mg administered as adjunct to a basal-bolus insulin regimen in patients with type 1 diabetes.
Materials and Methods

Study Design
This was a randomized, double-blind, placebo-controlled, parallel-group, phase II study conducted in one centre in Germany and one centre in Austria between 25 November 2013 and 20 April 2014 (File S1). The clinical trial protocol was approved by the Institutional Review Boards and Independent Ethics Committees and Competent Authorities of the participating centres, and the study was conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization Harmonized Tripartite Guideline for Good Clinical Practice. The trial was registered with ClinicalTrials.gov (NCT01969747). All patients provided written informed consent.
Inclusion and Exclusion Criteria
This study enrolled patients with type 1 diabetes aged ≥18 to ≤65 years with a body mass index (BMI) 18.5-35 kg/m 2 , HbA1c ≥7.5 to ≤10.5% (≥58 to ≤91 mmol/mol), estimated glomerular filtration rate (eGFR; Chronic Kidney Disease Epidemiology Collaboration formula) ≥60 to ≤150 ml/min/ 1.73m 2 and C-peptide <1.5 ng/ml. To be included in the study, patients had to have received multiple daily injections of insulin, consisting of basal insulin and ≥3 daily bolus injections, for ≥12 months before screening. Total daily insulin requirement had to be ≤1.5 U/kg at screening and the insulin administration algorithm had to have been stable for ≥12 weeks before screening.
Exclusion criteria included acute symptomatic urinary tract infection (UTI) or genital infection; chronic or recurrent (≥3 annual episodes) cystitis; treatment with any antihyperglycaemic drug except insulin in the 3 months before screening; hypoglycaemia that required hospitalization or emergency treatment in the 3 months before screening; unawareness of hypoglycaemia (investigator's judgment); ≥2 unexplained hypoglycaemic episodes in the 3 months before screening; diabetic ketoacidosis that required hospitalization or emergency treatment in the 12 months before screening; brittle diabetes (investigator's judgement); alanine transaminase, aspartate transaminase or alkaline phosphatase >3 × upper limit of normal at screening; treatment with anti-obesity drugs, surgery or aggressive diet leading to unstable body weight 3 months before screening; any other investigational drug intake within 30 days of study drug intake.
Treatment and Interventions
After a 2-week, open-label, placebo run-in period, eligible patients were randomized in a 1 : 1 : 1 : 1 ratio to receive oncedaily empagliflozin 2.5 mg, empagliflozin 10 mg, empagliflozin 25 mg, or placebo as adjunct to insulin for 28 days. Randomization was undertaken using a third-party interactive voice and web response system, and was stratified by site. The insulin regimen was to be kept stable (no change to basal insulin dose, insulin-to-carbohydrate ratio, or correction factor for bolus insulin) during the first 7 days of treatment (stable insulin period), then was freely adjustable according to the investigator's judgement to achieve optimum glycaemic control for the remaining 21 days of treatment (flexible insulin period). In cases of hypoglycaemia during the stable insulin period, patients were to ingest carbohydrates; however, insulin could be adjusted for safety reasons at any time if deemed necessary by the investigator.
Patients were admitted to the study site from 2 days before drug administration to day 8 of drug administration. Patients were called by site personnel on day 9 to discuss insulin adjustments, and further telephone calls were agreed upon as needed. Patients returned for ambulatory visits on days 14, 21 and 27, and stayed at the study site overnight on day 28. Patients returned for a follow-up visit 7 days after the end of treatment. For determination of 24-h UGE, all urine voided during 24 h was collected at baseline and on days 1, 7 and 28.
Patients received diet and exercise counselling based on local recommendations at the start of the run-in period and were reminded to follow their usual diet and exercise plan at every study visit. Patients were instructed to keep their diet and daily carbohydrate intake as stable as possible throughout the trial. Patients were provided with a self-monitoring of blood glucose device. Self-monitoring of blood glucose was performed before breakfast, lunch and dinner and at bedtime, with additional tests as recommended by the investigator, or if a patient experienced signs or symptoms of hyper-or hypoglycaemia. Patients were asked to record in an electronic diary their insulin dose, carbohydrate intake, blood glucose and blood ketones throughout the treatment and follow-up periods.
Endpoints and Assessments
The primary endpoint was exploratory and was the change from baseline in 24-h UGE on day 7. Other endpoints included: change from baseline in 24-h UGE on day 28; change from baseline in HbA1c on day 28; change from baseline in fasting plasma glucose (FPG) on days 7 and 28; change from baseline in mean daily glucose (MDG; eight-point profile) on days 7 and 28; change from baseline in weekly mean recorded total insulin use in the fourth week of treatment; change from baseline in weight on day 28; and changes from baseline in systolic blood pressure (SBP) and diastolic blood pressure (DBP) on day 28.
Safety endpoints included vital signs, clinical laboratory variables and adverse events (AEs) with onset between the first intake of study drug and up to 7 days after the last dose of study drug [coded using preferred terms in the Medical Dictionary for Drug Regulatory Activities (MedDRA) version 17.0]. Rates of hypoglycaemic episodes per 30 days were based on episodes with onset between the first intake of study drug and up to 1 day after the last dose of study drug. Events consistent with UTI and genital infections were identified using prospectively defined search categories based on 73 and 89 MedDRA preferred terms, respectively.
Statistical Analysis
Sample size calculations indicated that 72 patients (18 per treatment group) would provide ≥95% power to detect a difference in the primary endpoint of 65 g/24 h for empagliflozin 10 mg compared with placebo and 79 g/24 h for empagliflozin 25 mg compared with placebo, assuming a standard deviation of 5, 29 and 27 for placebo, empagliflozin 10 mg and empagliflozin 25 mg respectively, with a two-sided significance level of 0.05. Pharmacodynamic and efficacy analyses were performed on the full analysis set, which included patients treated with ≥1 dose of study drug who had a 24-h UGE measurement at baseline and at day 1 and/or day 7. Safety analyses were descriptive and were performed on the treated set (patients treated with ≥1 dose of study drug).
The primary endpoint was assessed using an analysis of covariance (ancova) model, with treatment as a fixed effect and baseline 24-h UGE as a continuous covariate. A last observation carried forward (LOCF) approach was used to impute missing data. Changes from baseline in other efficacy endpoints were analysed using an ancova model, with treatment as a fixed effect and the baseline value for the respective endpoint as a linear covariate. The ancova model for MDG on days 7 and 28 included weekly mean recorded insulin dose at week 1 and week 4, respectively, as an additional linear covariate. UGE, insulin dose and carbohydrate intake over time were analysed descriptively.
Results
Patients
A total of 75 patients were randomized and treated with placebo (n = 19), empagliflozin 2.5 mg (n = 19), empagliflozin 10 mg (n = 19), or empagliflozin 25 mg (n = 18). No patients prematurely discontinued from the study. Baseline characteristics were similar across treatment groups, except for a higher mean BMI in the empagliflozin 10 mg group and a higher proportion of females in the empagliflozin 25 mg group (Table 1) .
Pharmacodynamics
Empagliflozin 2.5, 10 and 25 mg significantly increased 24-h UGE compared with placebo on day 7 ( Figure 1A ). Increases in UGE were observed on day 1 and maintained up to day 28 ( Figure 1B) (Figure 2A ). Empagliflozin treatment led to dose-dependent reductions from baseline in FPG and MDG, which generally did not reach significance compared with placebo ( Figure 2B-E) .
Empagliflozin 2.5, 10 and 25 mg significantly decreased weekly mean total recorded insulin doses compared with placebo within the fourth week of treatment ( Figure 2F ). This reduction was driven by changes in bolus insulin ( Figure  S1 ). The weekly mean recorded total, basal and bolus insulin doses over the treatment period are shown in Figure S1 . In all groups, carbohydrate intake was increased over the first week of treatment, but decreased during week 2 to near baseline levels without substantial changes thereafter ( Figure S2 
There were no significant differences in changes from baseline in SBP or DBP with empagliflozin compared with placebo. On day 28, adjusted mean (s.e.) change from baseline in SBP was 2.8 (2.1) mmHg with placebo compared with 2.7 (2.1) mmHg with empagliflozin 2. 
Safety
AEs were reported in 18 (94.7%), 17 (89.5%), 15 (78.9%) and 18 (100.0%) patients on placebo, empagliflozin 2.5 mg, empagliflozin 10 mg and empagliflozin 25 mg, respectively (Table 2) . AEs regarded as drug-related by the investigator were reported in 15 (78.9%), 14 (73.7%), 11 (57.9%) and 18 (100.0%) patients on placebo, empagliflozin 2.5 mg, empagliflozin 10 mg and empagliflozin 25 mg, respectively (Table 2) ; the vast majority of these AEs were hypoglycaemia. There were no discontinuations attributable to AEs. One patient in the placebo group experienced a serious AE (hypoglycaemia). There were no deaths, and no cases of diabetic ketoacidosis were reported. Severe AEs were reported in two patients, both in the placebo group (nasopharyngitis and hypoglycaemia). AEs (MedDRA preferred terms) reported in ≥2 patients in any treatment group were hypoglycaemia, nasopharyngitis, headache, back pain and arthralgia. An AE consistent with UTI was reported in one female patient (on empagliflozin 25 mg). This event did not require therapy and did not lead to premature discontinuation of study medication. No AEs consistent with genital infections were reported.
During week 1 (stable insulin period), the rates of symptomatic hypoglycaemia with plasma glucose ≥3.0 to ≤3.9 mmol/l were higher with empagliflozin 10 and 25 mg but lower with empagliflozin 2.5 mg than with placebo, and the rates of symptomatic hypoglycaemia with plasma glucose <3.0 mmol/l were similar across treatment groups (Table 2) . No hypoglycaemic events requiring assistance occurred in empagliflozin groups during week 1 ( Table 2 ). During weeks 2-4 (flexible insulin period), the rates of symptomatic hypoglycaemia with plasma glucose ≥3.0 to ≤3.9 mmol/l were similar between empagliflozin 2.5, 25 mg and placebo and appeared to be lower with empagliflozin 10 mg than with placebo, and the rates of symptomatic hypoglycaemia with plasma glucose <3.0 mmol/l were generally lower with empagliflozin than with placebo (Table 2) . No hypoglycaemic events requiring assistance occurred in weeks 2-4 ( Table 2) . Over the whole study (including the flexible insulin period), the rates of symptomatic hypoglycaemia with plasma glucose ≥3.0 to ≤3.9 mmol/l were 2.9, 2. (Table 2) . Small increases in haematocrit and -hydroxybutyrate and small decreases in uric acid and eGFR were observed with empagliflozin (Table S1 ). During routine safety laboratory monitoring, a fasting -hydroxybutyrate level of 5.4 mmol/l was observed in a patient on empagliflozin 2.5 mg and a level of 2.2 mmol/l was observed in a patient on empagliflozin 25 mg at week 4. At baseline, these patients had elevated pre-treatment -hydroxybutyrate levels of 1.1 and 0.4 mmol/l, respectively, and at week 4, total daily insulin doses had been reduced by 51% and 31% in these patients, respectively. The high fasting -hydroxybutyrate levels at week 4 were not considered AEs by the investigator. There were small increases in LDL cholesterol in the empagliflozin 10 and 25 mg groups and a small increase in total cholesterol in the empagliflozin 10 mg group (Table S1 ). There were no relevant changes in electrolytes (Table S1 ).
Discussion
This is the first placebo-controlled trial to investigate the pharmacodynamics, efficacy and safety of empagliflozin, administered as adjunct to a basal-bolus insulin regimen, in patients with type 1 diabetes. This study comprised two treatment phases: a 1-week stable insulin period, followed by a 3-week flexible insulin period. The stable insulin period allowed direct assessment of the pharmacodynamics and efficacy of the three doses of empagliflozin against a stable insulin regimen. The flexible insulin period was more reflective of clinical practice, in which insulin dose should be adjusted to achieve optimum glycaemic control.
Empagliflozin significantly increased UGE in patients with type 1 diabetes after single drug administration and after 28 days of treatment, resulting in significant reductions in HbA1c compared with placebo. Dose-dependent reductions in FPG and MDG were observed after 28 days, not reaching statistical significance compared with placebo, presumably because of the small sample size. The reductions in HbA1c, Data are from the treated set (patients treated with ≥1 dose of study medication). AE, adverse event; UTI, urinary tract infection. *AEs reported between the first intake of study medication and up to 7 days after the last intake of study medication are shown. †Based on 73 Medical Dictionary for Drug Regulatory Activities (MedDRA) preferred terms. ‡Based on 89 MedDRA preferred terms. §Based on episodes reported between the first intake of study medication and up to 1 day after the last intake of study medication.
FPG and MDG with empagliflozin were achieved together with a significant reduction in daily insulin dose, mostly attributable to reductions in bolus insulin. While rates of moderate hypoglycaemic episodes (symptomatic hypoglycaemia with plasma glucose <3.0 mmol/l, not requiring assistance) were similar in the empagliflozin and placebo groups during the stable insulin period, they appeared to be reduced with empagliflozin compared with placebo during the flexible insulin period. Over the entire study, rates of moderate hypoglycaemic episodes were generally lower with empagliflozin than with placebo and no hypoglycaemic episodes requiring assistance were reported with empagliflozin. This is an important clinical finding, as hypoglycaemia is associated with significant morbidity and mortality in patients with type 1 diabetes, while fear of hypoglycaemia is a barrier to adherence to treatment (and so to achieving adequate glycaemic control) and has a negative impact on patients' quality of life [20] [21] [22] . Empagliflozin has consistently been shown to lead to sustained weight loss in patients with type 2 diabetes [13] [14] [15] [16] [17] [18] , including those treated with a regimen of multiple daily injections of insulin, likely due to loss of calories in the urine. attributable to a reduction in fat mass, including reductions in both trunk fat and limb fat and in both abdominal visceral and abdominal subcutaneous adipose tissue [23] . Insulin treatment and intensification of insulin treatment often leads to weight gain in patients with type 1 diabetes, which can lead to delays in intensification of therapy and can affect patients' adherence to treatment [3] . Moderate weight loss was observed with empagliflozin as adjunct to insulin in this study, despite the short treatment period. Empagliflozin was well tolerated in patients with type 1 diabetes. No events consistent with genital infection were reported and there was only one AE consistent with UTI. Similar to findings seen in patients with T2DM, treatment with empagliflozin led to a small increase in haematocrit, which is believed to be attributable to osmotic diuretic effects, and a small increase in LDL cholesterol, possibly attributable to haemoconcentration. Small increases in mean fasting levels of the ketone body -hydroxybutyrate were observed with empagliflozin, probably reflecting glucose and calorie loss and a substrate shift from glucose to lipid utilization associated with the mode of action of empagliflozin [24] . High fasting -hydroxybutyrate levels were observed in two patients on empagliflozin during routine safety laboratory monitoring at week 4, but these were not considered AEs by the investigator. Small changes in eGFR were observed with empagliflozin, likely as a result of haemodynamic changes attributable to effects on tubular-feedback mechanisms [25] .
A limitation of the present proof-of-concept study is its short duration and small sample size. Strengths include that it was a randomized double-blind placebo-controlled trial and included two treatment phases addressing distinct research questions. The results of this study are consistent with those of the 8-week, single-arm pilot study of empagliflozin in patients with type 1 diabetes [12] and those of a 2-week placebo-controlled study of the SGLT2 inhibitor dapagliflozin in patients with type 1 diabetes [26] .
In conclusion, empagliflozin for 28 days as adjunct to insulin led to improvements in glycaemic control and reduced body weight accompanied by lower insulin doses compared with placebo in patients with type 1 diabetes. These data suggest that empagliflozin is an adjunct to insulin intervention that could prove to be efficacious in improving the management of type 1 diabetes in larger randomized controlled trials.
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